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Abstract: Sepsis is a systemic inflammatory response syndrome and is mainly caused by 
lipopolysaccharides (LPS) - a component of the cell walls of gram-negative bacteria, via toll-like 
receptor 4-mitogen-activated protein kinases/nuclear factor-kappa B-dependent proinflammatory 
signaling pathway. Here, we synthesized 26 asymmetric monocarbonyl analogs of curcumin 
and evaluated their anti-inflammatory activity by inhibiting the LPS-induced secretion of tumor 
necrosis factor-a and interleukin-6 in mouse RAW264.7 macrophages. Five active compounds 
(3a, 3c, 3d, 3j, and 31) exhibited dose-dependent inhibition against the release of tumor necrosis 
factor-a and interleukin-6, and they also showed much higher chemical stability than curcumin 
in vitro. The anti-inflammatory activity of analogs 3a and 3c may be associated with their 
inhibition of the phosphorylation of extracellular signal-regulated kinase and the activation of 
nuclear factor-kappa B. In addition, 3c exhibited significant protection against LPS-induced 
septic death in vivo. These results indicate that asymmetrical monocarbonyl curcumin analogs 
may be utilized as candidates for the treatment of acute inflammatory diseases. 
Keywords: sepsis, inflammatory cytokines, anti-inflammation, quantitative structure-activity 
relationship 

Introduction 

Sepsis is a systemic inflammatory response syndrome caused by severe infection. 12 
It is a common condition in patients with gram-negative bacterial infections, with a 
mortality rate as high as 50%-80%. 3 Sepsis and septic shock are characterized by mul- 
tiorgan failure, caused chiefly by a dysregulated immune response to the infection. 4,5 
Lipopolysaccharides (LPS), a component of the cell walls of gram-negative bacteria, 
are the principal mediators of the pathophysiology of septic shock. 6 Toll-like receptors, 
notably toll-like receptor 4, recognize endotoxin LPS and trigger downstream signaling 
cascades, including the activation of mitogen-activated protein kinases (MAPKs) and 
nuclear factor-kappa B (NF-kB), and the subsequent upregulation of the gene expres- 
sion of a variety of inflammatory mediators. 7 Inflammatory cytokines, such as tumor 
necrosis factor (TNF)-a and interleukin (IL)-6, and their related pathways have received 
much attention as drug targets for treating sepsis. 6 Inhibition of the overexpression 
of inflammatory cytokines by suppressing the activation of MAPKs and NF-kB is a 
classic strategy for the treatment of sepsis. 7 - 8 For instance, natural products such as 
kukoamine B, polysaccharides, and a series of chalcone derivatives, have been shown 
to attenuate systemic inflammatory response syndrome and increase survival rates via 
the inhibition of MAPKs and NF-kB in LPS-induced sepsis mouse models. 8-10 
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Due to the resistance of such diseases to conventional 
treatments, as well as the side effects of presently available 
anti-inflammatory drugs, there is a pressing need for the devel- 
opment of novel anti-inflammatory drugs. Natural products are 
a valuable source of novel bioactive anti-inflammatory agents. 
Curcumin, a natural bioactive compound, is derived from the 
root of Curcuma longa. n Among natural anti-inflammatory 
products, curcumin has been paid special attention due to the 
fact that C. longa has been used as anti-inflammatory tradi- 
tional medicine for about 2,000 years. Recent evidence has 
demonstrated that curcumin exhibits potent anti-inflammatory 
activities, which may help to prevent or even treat sepsis, as 
well as cancer and diabetes. 11 " 13 Curcumin showed a protective 
effect in sepsis-induced acute lung injury and organ dysfunc- 
tion in a rat model. 11 The effect of curcumin was studied in 
patients with rheumatoid arthritis, inflammatory eye diseases, 
inflammatory bowel disease, chronic pancreatitis, psoriasis, 
and cancers. 13 However, pharmacokinetic defects, such as low 
bioavailability, fast metabolism, and poor chemical stability 
significantly limit the clinical application of curcumin. 1415 For 
the purpose of finding novel derivatives with increased sys- 
temic bioavailability and enhanced pharmacological activity, 
chemical modifications of curcumin have been attempted. 16-18 
Among the analogs and derivatives of curcumin, much atten- 
tion has been paid to the monocarbonyl analogs in which the 
beta-diketone moiety that contributes to the fast degradation 
and metabolism of the compound is removed. 19,20 Since cur- 
cumin possesses a symmetrical structure, our group has pre- 
viously reported several series of symmetrical monocarbonyl 
analogs of curcumin with improved pharmacokinetic profiles 
and increased anti-inflammatory activity. 10,16-20 As a continu- 
ation of our study, 26 asymmetrical monocarbonyl analogs of 
curcumin were synthesized and their anti-inflammatory activi- 
ties were evaluated in mouse RAW264.7 macrophages. These 
asymmetrical analogs exhibited good chemical stabilities in 
a phosphate buffer. Further, the effects of two representative 
analogs with anti-inflammatory activity on the MAPKs/NF-kB 
pathway and in septic animal models were studied. 

Materials and methods 

Chemical synthesis 

All chemical reagents were obtained from Sigma- Aldrich (St 
Louis, MO, USA), Fluka (Buchs, Switzerland), and Aladdin 
(Beijing, People's Republic of China). Silica gel (GF254) 
for thin-layer chromatography and column chromatography 
(100-200 mesh and 200-300 mesh) were obtained from Alad- 
din. Melting points were tested on a Fisher-Johns melting 
apparatus (Thermo Fisher Scientific, Waltham, MA, USA). 



Electron-spray ionization mass spectra (ESI-MS) data were 
determined on a Bruker esquire HCT™ spectrometer (Bruker 
Corporation, Billerica, MA, USA). The proton nuclear mag- 
netic resonance ('H NMR) spectra data was recorded on a 
600 MHz spectrometer (Bruker Corporation). All compounds 
were furnished by the aldol condensation of substituted aro- 
matic aldehydes and intermediators (E)-4-(o-hydroxy)but-3- 
en-2-one (2a) or (E)-4-(p-chlorine)but-3-en-2-one (2b) under 
base conditions, respectively. The detailed synthesis and 
spectral characterization of new or unreported compounds 
are described in the Supplementary material . 

Quantitative structure-activity 
relationship analysis 

The methods and software used for the quantitative structure- 
activity relationship (SAR) model establishment and analysis 
(including descriptor calculation and selection, multiple lin- 
ear regression analysis, and related software) were described 
in our previous publication. 10 

Animals 

Male C57BL/6 mice weighing 18-22 g were obtained from 
the Animal Center of Wenzhou Medical College (Wenzhou, 
People's Republic of China). Animals were housed at a con- 
stant room temperature with a 12-hour/ 12-hour light-dark 
cycle and fed with a standard rodent diet and water. The 
animals were acclimatized to the laboratory for at least 7 days 
before being used in the experiments. Protocols involving 
the use of animals were approved by the Wenzhou Medical 
College's Animal Policy and Welfare Committee (approval 
documents: 2009/APWC/0031). 

Reagents 

LPSs were purchased from Sigma (St Louis, MO, USA). In 
addition, eBioscience, Inc. (San Diego, CA, USA) was the 
source of the mouse IL-6 enzyme-linked immunosorbent assay 
(ELISA) kit and mouse TNF-a ELISA kit. Anti-glyceraldehyde 
3 -phosphate dehydrogenase (GAPDH), anti-lKBa, (nuclear 
factor of kappa light polypeptide gene enhancer in B-cells 
inhibitor alpha), and anti-extracellular signal-regulated kinase 
(ERK) antibody were obtained from Santa Cruz Biotechnology, 
Inc., (Santa Cruz, CA, USA); anti-p-P38, anti-P38, anti-p-Jun 
N-terminal kinase (JNK), and anti-JNK were obtained from 
Cell Signaling Technology, Inc., (Danvers, MA, USA). 

Cells 

Mouse RAW264.7 macrophages were obtained from the 
American Type Culture Collection (Manassas, VA, USA). 
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RAW264.7 macrophages were incubated in Dulbecco's 
Modified Eagle's Medium (Gibco®; Life Technologies, Carls- 
bad CA, USA) supplemented with 10% fetal bovine serum 
(Gibco*; Life Technologies), 100 U/mL of penicillin, and 100 
mg/mL of streptomycin at 37°C with 5% CO r 

Detection of TNF-a and IL-6 
in medium by ELISA 

RAW264.7 macrophages were treated with LPS (0.5 ug/mL) 
in the presence or absence of compounds for 24 hours. The 
culture media were collected and centrifuged (1,000 rpm) 
at 4°C for 5 minutes, and the supernatant was collected. 
TNF-a and IL-6 levels in the medium were determined with 
an ELISA kit (eBioScience, Inc.) according to the manufac- 
turer's instructions. The total amount of the inflammatory 
factor in the medium was normalized to the total protein 
quantity of the viable cell pellets. 

Ultraviolet-visible absorption spectra 
of curcumin and its analogs 

Absorbance readings were taken from 250-600 nm using a 
SpectraMax® M5 (Molecular Devices LLC, Sunnyvale, CA, 
USA). A stock solution of 1 mM curcumin or active com- 
pounds 3a, 3c, 3d 3j, and 31 were prepared and diluted by 
phosphate buffer (pH 7.4), containing 5% dimethyl sulfoxide 
(DMSO), to a final concentration of 20 uM. The ultraviolet 
absorption spectra were collected for over 25 minutes at 
5-minute intervals at 25°C. All spectral measurements were 
carried out in a 1 cm path-length quartz cuvette. 

Western blot 

After treatment with compounds and LPS, RAW264.7 
macrophages were washed with phosphate buffered saline 
and harvested with cell lysis. After being centrifuged at 
12,000 rpm at 4°C for 10 minutes, the protein concentration 
was determined. After the sample loading buffer was added 
protein samples were electrophoresed and then transferred to 
nitrocellulose membranes (Bio-Rad Laboratories, Hercules, 
CA, USA). Each membrane was blocked for 1 .5 hours at room 
temperature and incubated with specific primary antibodies 
against p-ERK (1:300), ERK (1:300), p-P38 (1:1 ,000), P38 
(1:1,000), p-JNK (anti-p-Jun N-terminal kinase) (1:1,000), 
JNK (1:1,000), IkBoc (1:300), and GAPDH (1:1,000) at 
4°C overnight. Following three washes with Tris-buffered 
saline, the nitrocellulose membranes were incubated with 
horseradish peroxidase-conjugated secondary antibodies for 
1 hour, and visualized using enhanced chemiluminescence 
reagents (Bio-Rad Laboratories). The amounts of the proteins 



were analyzed using Image J analysis software version 1 .38e 
(National Institutes of Health, Bethesda, MD, USA) and 
normalized to their respective controls. 

Assay of cellular NF-kB p-65 
translocation 

RAW264.7 macrophages were pretreated with DMSO, 3a or 
3c (at 10 uM) for 30 minutes, and then treated with or with- 
out 0.5 Lig/mL of LPS for an additional hour, respectively. 
The cells were immunofluorescence-labeled according to 
the manufacturer's instructions using a Cellular NF-kB p65 
Translocation Kit (Beyotime Institute of Biotechnology, 
Nantong, People's Republic of China). P65 protein and nuclei 
fluoresce were stained red and blue, respectively, and they 
can be simultaneously viewed by fluorescence microscope 
(Nikon Corporation, Tokyo, Japan) at an excitation wave- 
length of 350 nm for 4',6-diamidino-2-phenylindole, and 
540 nm for Cy3. To create a two-color image, the red and 
blue images were overlaid producing purple fluorescence in 
areas of colocalization. 

LPS-induced inflammatory 
mortality in mice 

The compounds were first dissolved with macrogol-15- 
hydroxystearate (a nonionic solubilizer for injection from 
BASF [Ludwigshafen, Germany]) with or without medium- 
chain triglycerides (MCT) from BASF in a water bath at 
37°C. The concentration of the compounds was 2 mg/mL. 
The concentration of the solubilizer ranged from 5%-l 0% and 
that of MCT ranged from 0.5%-2% in the final solution. For 
the vehicle, the mixture of solubilizer and MCT was prepared 
at 10% and 2%, respectively. Male C57BL/6 mice weighing 
18-22 g were pretreated with compound 3c (10 mg/kg) in 
a water solution by intravenous injection 15 minutes before 
the intraperitoneal injection of LPS (25 mg/kg). The control 
animals received a similar volume (200 uL) of the vehicle. 
The mortalities were recorded for 7 days. 

Results and discussion 

Chemistry 

The synthesis and structures of compounds 3a-3m and 
4a-4m are shown in Figure 1 . Briefly, 20% NaOH was added 
dropwise to a solution of either o-hydroxybenzaldehyde 
(la) or p-chlorobenzaldehyde (lb) in acetone to obtain 
the intermediate compound, (E)-4-(o-hydroxy)but-3-en- 
2-one (2a) or (E)-4-(p-chlorine)but-3-en-2-one (2b). The 
a,(3-unsaturated ketone 2a or 2b reacted with different 
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Figure I Design and chemical structures of asymmetric MACs. 
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substituted aromatic aldehydes in basic conditions through 
aldol condensation to obtain the asymmetrical monocarbonyl 
curcumin analogs, 3a-4m or 4a-4m. Different substituents 
with opposing electronic properties in the benzene rings were 
designed to investigate anti-inflammatory activity and were 
used to discuss the SAR. The yields of pure products were in 
the range of 12%— 96%. The structures of all compounds were 
characterized using 'H NMR and ESI-MS. 

Inhibition of cytokine production 
induced by LPS 

The secretion of cytokines, such as TNF-a and IL-6, induced 
by bacterial LPS plays an important role in inflammatory 
conditions. 6,21 Inhibition of LPS-induced TNF-a and IL-6 



release was used for the evaluation of the anti-inflammatory 
activities of curcumin analogs. Hence, the anti-inflammatory 
effects of 26 synthetic compounds were evaluated in LPS- 
stimulated RAW264.7 macrophages with curcumin as a 
positive control. Briefly, macrophages were pretreated with 
compounds (10 uM) for 30 minutes, and then activated with 
LPS (0.5 |ig/mL) or DMSO alone (negative control) for 
24 hours. Culture medium was collected by centrifugation 
and the cytokines were measured by ELISA. As shown in 
Figure 2, the preliminary screening showed that the major- 
ity of curcumin analogs exhibited stronger inhibitory ability 
than that of curcumin. According to the results, the inhibi- 
tory effect against IL-6 may be enhanced when an electron- 
donating hydroxyl group is positioned in the left phenyl ring, 
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Figure 2 Synthetic asymmetric monocarbonyl CUR analogs inhibited LPS-induced TNF-a and IL-6 secretion in RAW264.7 macrophages. 

Notes: Macrophages were plated at a density of 1 .2 x 1 0 6 /plate overnight in 37°C and 5% CO ; . Cells were pretreated with analogs (10 p.M) for 30 minutes, and they were 
then treated with LPS (0.5 |Ig/mL) for 24 hours. CUR was used as a positive control. (A) IL-6 and (B) TNF-a levels in the culture medium were measured by ELISA and were 
normalized by the total protein. The results were presented as the percent of LPS control. Each bar represents the mean ± SEM of three independent experiments. Statistical 
significance relative to the LPS group was indicated, *P<0.05; **P<0.0 1 ; ***P<0.00 1 . 

Abbreviations: LPS, lipopolysaccharide; IL-6, interleukin-6; DMSO, dimethyl sulfoxide; CUR, curcumin; TNF-a, tumor necrosis factor-a; ELISA, enzyme-linked immuno- 
sorbent assay; SEM, standard error of the mean. 



while an electron-withdrawing chlorine in the left phenyl ring 
has little effect. However, this conclusion is not true of TNF-a 
inhibition, based on our data. In the right ring, the existence 
of a methoxy group led to increased anti-inflammatory activ- 
ity regardless of IL-6 or TNF-a inhibition. According to the 
performance of 31 and 3m, furan and thiophene as the right 
moiety are also favorable in increasing the inhibition of IL-6 
and TNF-a. Compounds 3a, 3c, 3d, 3j, and 31 showed the 
highest anti-inflammatory activity among all of the tested 
compounds. Hence, these five compounds were selected as 
the candidate compounds for further studies. 

Quantitative SAR. of these analogs 

To further explore the SAR of these compounds and to assess 
the effects of different substituents on the biological activity, 
a quantitative SAR (QSAR) model was calculated. During a 
QSAR model study, the structure properties of compounds 
are often represented by their molecular descriptors. 22 



Statistically significant models with three variables were 
derived for anti-TNF-a and IL-6 activity, respectively. The 
scatter plot of predicted values versus experimental values 
is illustrated in Figure 3. The statistically significant models, 
equation 1 and equation 2, were obtained for anti-TNF-a 
and anti-IL-6 activities of compounds with relatively high 
regression coefficients (R 2 ) of 0.78 and 0.93, respectively. 
The variables in the equation 1 model contained the topo- 
logical property (Moran), geometrical molecular descriptor 
(Weighted Holistic Invariant Molecular Descriptor [WHIM]), 
and quantum chemistry descriptor (electronic Eigenvalue 
descriptors [EEVA]), while in the equation 2 model, the 
variables contained the geometrical molecular descriptors 
(H-GEometry Topology and Atom- Weights AssemblY 
[GETAWAY] and R-GETAWAY descriptors) and quantum 
chemistry descriptor (EEVA). H-GETAWAY1 (weighted 
by atomic van der Waals radii) and R-GETAWAY2 
(weighted by atomic Sanderson electronegativity radii) were 
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Figure 3 Plots of predicted activity against the corresponding experimental activity on TNF-a and IL-6 inhibition. 

Notes: (A) TNF-a and (B) IL-6. The numbers in parentheses indicate the standard deviation of the coefficients. ( A Eq I : IR JNF = 1 229.07 [± 1 32.09] + I 1 9.5 1 [±26.68] Moran - 1 255.87 
[±I40.60] WHIM -2230. 10 [±322.05] EEVA, N=26, R^O.80, R^-0.78, s=l 1. 32, F 322 =29.75, P=6.33e-08; B Eq2: 1^=76.15 [±17.83] + 62.36 [±11.26] H-GETAWAY + 1506.83 
[±170.77] R-GET AWAY -8.02 [±1.58] EEVA, N=26, R^O.93, RJ=0.92, s=9.35, F J2 =98.79, P=6.42e-I3). The F-value is related to the F-statistic analysis (Fisher's test). 
Abbreviations: Per, predicted activity; Exp, experimental activity; TNF-a, tumor necrosis factor-a; IL-6, interleukin-6; Eq, equation; IR, inhibition rate; Moran, Moran 
topological autocorrelation descriptors; WHIM, Weighted Holistic Invariant Molecular descriptors; EEVA, electronic Eigenvalue descriptors; N, the number of compounds 
taken into account in the regression; R 2 , the multiple correlation coefficient; R odj 2 , adjusted multiple correlation coefficient; s, residual standard error; GETAWAY, GEometry, 
Topology and Atom-Weights AssemblY descriptors. 



proposed by Consonni et al. 23 The QSAR results indicate that 
molecular electronegativity may play a crucial role in the 
anti-inflammatory activity of the asymmetrical monocarbonyl 
curcumin analogs. 

Active compounds inhibit the LPS- 
induced cytokine release in a dose- 
dependent manner 

To further investigate the anti-inflammatory activities of 
these analogs of curcumin, RAW264.7 macrophages were 
pretreated with these compounds at concentrations of 2.5 LlM, 
5 llM, and 10 llM for 30 minutes, and they were subsequently 
incubated with or without LPS (0.5 Lig/mL) for 24 hours. 
Figure 4 shows that the compounds alone cannot induce the 
production of TNF-a and IL-6, while the presence of LPS 
produced a significant increase in the secretion of proinflam- 
matory cytokines compared to DMSO. The active compounds 
exhibited dose-dependent inhibitory activities against LPS- 
induced TNF-a and IL-6 production; in particular, the inhibi- 
tion rate of IL-6 is greater than 50%, even at a concentration 
of 5 llM. This further illustrates that these compounds have 
the potential to be used as anti-inflammatory agents. 

The chemical stabilities of active 
compounds and curcumin 

Clinical trials of curcumin have been limited by curcumin 's 
poor stability. Wang et al 24 found that 90% of curcumin 
degraded within 30 minutes in phosphate buffer (pH 7.4). 
Here, we tested the active compounds 3a, 3c, 3d 3j, and 31 



in phosphate buffer (pH 7.4), containing 5% DMSO, using 
an absorption spectrum assay. As shown in Figure 5, the 
optical density values of the maximal absorption peak of the 
leading compound curcumin, decreased over time. However, 
within 25 minutes, the absorption peak of the active com- 
pounds exhibited no significant change. These results indicate 
that the active compounds are chemically more stable than 
curcumin in vitro. 

Active compounds inhibited the LPS- 
induced activation of NF-kB 

To identify the possible signaling pathways responsible 
for the production of proinflammatory cytokines that are 
reduced by the studied compounds, we first examined the 
effect of the active compounds on NF-kB known to be 
activated by LPS. NF-kB, a nuclear transcriptional factor, 
plays a key role in regulating immune response and inflam- 
mation. 25 Under normal conditions, NF-kB is sequestered 
in the cytoplasm as an inactive complex, bound to the 
inhibitory kB proteins such as iKBa. In response to LPS, 
IkB kinase (3 phosphorylates cytoplasmic IKBa. The phos- 
phorylated IKBa is subjected to ubiquitylation followed 
by proteasome-mediated degradation, after which NF-kB 
moves into the nucleus to promote the transcription of 
inflammatory genes. 26,27 Since the degradation of IkB plays 
an important role in mediating the activation of NF-kB, we 
evaluated the effects of active compounds on IKBa degrada- 
tion in LPS-stimulated RAW264.7 cells. Thus, we examined 
the effect of the active compounds on NF-kB signaling. As 
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Figure 4 Active compounds dose-dependently inhibited LPS-induced TNF-a and IL-6 secretion in RAW264.7 macrophages. 

Notes: Macrophages were plated at a density of 1 .2 X l0 6 /plate overnight in 37°C and 5% CO r Cells were pretreated with active compounds in a series concentration of 
2.5 |iM, 5 u_M, and 10 u_M for 30 minutes and subsequently incubated with or without LPS (0.5 |ig/mL) for 24 hours. (A) IL-6 and (B) TNF-a levels in the culture medium 
were measured by ELISA and were normalized by the total protein. The results were presented as the percent of LPS control. Each bar represents the mean ± SEM of the 
three independent experiments. Statistical significance relative to the LPS group was indicated, **P<0.0l; ***P<0.00l. 

Abbreviations: LPS, lipopolysaccharide; IL-6, interleukin-6; DMSO, dimethyl sulfoxide; TNF-a, tumor necrosis factor-a; ELISA, enzyme linked immunosorbent assay; 
SEM, standard error of the mean. 



shown in Figure 6 A, all of the five compounds at 10 LiM 
markedly reversed the LPS-induced IkBoc degradation to 
the control level. Meanwhile, the most active compounds, 
3a (Figure 6B) and 3c (Figure 6C), dose-dependently 
reduced the LPS-induced IkBcc degradation, though 3c at 



5 LiM has no significant effect. Figure 6D showed that LPS 
obviously induced the translocation of NF-kB p65 from the 
cytosol to the nucleus (red for p65 and blue for the nuclei). 
Pretreatment with 3a and 3c attenuated NF-kB p65 transloca- 
tion, and compound 3 c exhibited stronger activity than 3 a. 




Figure 5 Ultraviolet-visible absorption spectra of CUR, 3a, 3c, 3d, 3j, 31, and CUR in phosphate buffer (pH 7.4) containing 5% dimethyl sulfoxide. 
Abbreviations: OD, optical density; CUR, curcumin. 
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Figure 6 Active compounds inhibited LPS-induced NF-kB activation in RAW264.7 macrophages. 

Notes: Macrophages were pretreated with (A) active compounds at 10 |lM, (B) 3a at 2.5 |iM, 5 |jM, and 10 |lM, or (C) 3c at 2.5 (iM, 5 |iM, and 10 |iM for 30 minutes and 
then stimulated with LPS (0.5 |Ig/mL) for a further 20 minutes. The level of ItcB was examined using a specific antibody with GAPDH as the loading control. The column 
figures show the normalized optical density as times of the LPS group. Bars represent the mean + SEM of the three independent experiments (*P<0.05 versus the LPS group). 
(D) Macrophages were pretreated with 3a or 3c (10 (iM) or vehicle (DMSO) for 30 minutes and then stimulated with LPS (0.5 Ug/mL) for I hour. Immunofluorescence- 
labeled staining for NF-kB p65 translocation was performed by the method described in the Materials and methods section. 

Abbreviations: LPS, lipopolysaccharide; IkB, nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor; GADPH, glyceraldehydes 3-phosphate dehydrogenase; 
NF-kB, nuclear factor-KB; DMSO, dimethyl sulfoxide; SEM, standard error of the mean. 



These results demonstrate that the active compounds inhibit 
the LPS-induced activation of NF-kB, and that NF-kB inac- 
tivation may be involved in the anti-inflammatory actions 
of these compounds. 

Active compounds inhibited the LPS- 
induced phosphorylation of MAPKs 

MAPKs are a family of serine/threonine kinases involved 
in a variety of cellular processes such as inflammation, cell 
growth/differentiation, and cell survival/death. 28 " 30 Three 
types of MAPKs, have been identified: ERK; c-JNK; and 
p38 MAPK. As shown in Figure 7A and B, exposure to LPS 
for 20 minutes significantly increased the phosphorylation of 
ERK, p38, and JNK. The active compounds 3a, 3c, 3d, and 31 
notably reduced LPS-induced ERK phosphorylation, while 
3j has no obvious effect. However, none of these compounds 
had any effect on the LPS-induced phosphorylation of p38 
and JNK. These results indicate that the active compounds 
inhibit LPS-induced ERK phosphorylation, and ERK may 
also be a signaling target involved in the anti-inflammatory 
actions of these compounds. 

To determine the dose-dependent effects of the most 
active compounds, 3a and 3c, RAW264.7 cells were pre- 
treated with the compounds at doses of 2.5 uM, 5 uM, or 
10 |iM for 30 minutes. LPS was then added for a further 20 
minutes. In the negative control, the drugs were incubated 



for a further 20 minutes without LPS. As shown in Figure 7C 
and D, 3a and 3c alone do not have an effect on the phospho- 
rylation of ERK; however, both dose-dependently attenuated 
LPS-induced ERK phosphorylation. These data confirm that 
3 a and 3 c can inhibit LPS-induced ERK phosphorylation 
and may, therefore, be potential ERK inhibitors. 

Active compound 3c inhibited 
LPS-induced mortality 

We further investigated whether the active compound 3c 
was able to attenuate endotoxin shock in vivo. As a major 
endotoxin, LPS from gram-negative bacteria has been 
implicated as a major cause of sepsis. 8 Before the animal 
study, we tested the acute toxicity of compounds 3a and 3c, 
which indicated that the single oral administration of 3c at 
1 g/kg was nontoxic in mice (data not shown). As such, 3c 
was selected for this experiment and prepared as an aqueous 
solution for intravenous injection. Mice were injected with 
LPS at the dosage of 25 mg/kg intraperitoneally 1 5 minutes 
after the intravenous injection of 10 mg/kg of 3c, and 
the survival rate was monitored for 7 days. As shown in 
Figure 8, 100% of the animals treated with LPS alone died 
within 3 days as a result of septic shock. At the end of the 
experiment, the mice treated with 3c showed a 60% survival 
rate. These data suggest that 3c exhibits anti-inflammatory 
activity in vivo. 
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Figure 7 Active compounds inhibited LPS-induced phosphorylation of MAPKs in RAW264.7 macrophages. 

Notes: Macrophages were pretreated with (A and B) active compounds at 1 0 |lM; (C) 3a at 2.5 jaM, 5 fiM, and 1 0 (lM; or (D) 3c at 2.5 jiM, 5 |LM, and 1 0 p_M for 30 minutes 
and then stimulated with LPS {0.5 (ig/mL) for a further 20 minutes. The levels of p-ERK, p-JNK, and p-P38 were examined using specific antibodies with ERK, JNK, and P38 as 
the loading control, respectively. The column figures show the normalized optical density as the times of LPS group. Bars represent the mean ± SEM of the three independent 
experiments. *P<0.05; **P<0.0l ; ***P<0.00 1 . 

Abbreviations: LPS, lipopolysaccharide; ERK, extracellular regulated protein kinase; JNK, c-Jun N-terminal kinase; DMSO, dimethyl sulfoxide; MAPKs, mitogen-activated 
protein kinases; SEM, standard error of the mean. 



Conclusion 

In summary, we synthesized 26 asymmetric curcumin 
analogs and confirmed their structures by 'H NMR and 
ESI-MS. Evaluation of the in vitro bioactivity of these ana- 
logs showed their inhibition of LPS-induced production of 



H 50 
<u 

0. 



-•- Vehicle + LPS 
— «— Vehicle 
3c + LPS 


i 




b A 





Time (days) 

Figure 8 3c attenuated LPS-induced septic shock in vivo. 

Notes: Male C57BL/6 mice were pretreated with 3c (IV, 10 mg/kg) or vehicle, 
followed by the injection of LPS (IP, 25 mg/kg). The survival rate was recorded for 
7 days at an interval of 24 hours after the LPS injection; n— 10 animals in each group. 
Abbreviations: LPS, lipopolysaccharide; IV, intravenous; IP intraperitoneal; n, number. 



the proinflammatory cytokines, TNF-a and IL-6, in mouse 
RAW264.7 macrophages, and most analogs exhibited stron- 
ger anti-inflammatory activity compared with the leading 
compound curcumin. The active compounds, 3a, 3c, 3d, 
3j, and 31, presented dose-dependent inhibition on TNF-a 
and IL-6. Meanwhile, these active compounds showed 
excellent chemical stabilities in phosphate buffer (pH 7.4). 
Furthermore, the ERK and NF-kB pathways were found to 
be involved in the anti-inflammatory activity of the most 
active compounds, 3a and 3c. Lastly, intravenous injection 
of 1 0 mg/kg of 3c attenuated LPS-induced mortality in vivo. 
All of these results indicate that asymmetrical monocarbonyl 
curcumin analogs may be utilized as candidates for the treat- 
ment of acute inflammatory diseases. 
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